Abstract The pathogenesis of neuromyelitis optica (NMO) involves targeting of NMO-immunoglobulin G (NMO-IgG) to aquaporin-4 (AQP4) on astrocytes in the central nervous system. Prior work provided evidence for complement-dependent cytotoxicity (CDC) in NMO lesion development. Here, we show that antibody-dependent cellular cytotoxicity (ADCC), in the absence of complement, can also produce NMO-like lesions. Antibody-dependent cellular cytotoxicity was produced in vitro by incubation of mouse astrocyte cultures with human recombinant mono- 
Introduction
Neuromyelitis optica (NMO) is an inflammatory demyelinating disease of the central nervous system (CNS) primarily affecting optic nerve and spinal cord, and to a lesser extent brain [14, 43] . A defining feature of NMO is the presence in serum of immunoglobulin G autoantibodies (NMO-IgG) targeting aquaporin-4 (AQP4) [15, 16] , the major water channel of astrocytes in the CNS [9, 24] . AQP4 is concentrated at the end-feet of astrocytes facing the blood-brain barrier, where it facilitates water exchange between the CNS and the circulation [21] .
Though there is an increasing body of evidence that NMO-IgG is pathogenic in NMO [14] , the mechanisms by which NMO-IgG produces neuroinflammatory demyelinating lesions are incompletely understood. Antibodies can have several effector functions when bound to their target [8] , including (1) modification of target function; (2) target internalization, reducing surface expression; (3) complement activation, causing cell death (complement-dependent cytotoxicity, CDC); and (4) recruitment of effector cells, including natural killer cells, causing cell death (antibodydependent cellular cytotoxicity, ADCC). NMO-IgG binding to AQP4 does not affect target function-AQP4 water permeability (mechanism 1) [23] . Though NMO-IgG binding causes AQP4 internalization in transfected cell cultures (mechanism 2) [12] , there is little AQP4 internalization in primary astrocyte cultures or mouse brain in vivo following NMO-IgG binding [27] .
There is strong evidence for involvement of CDC in NMO (mechanism 3) [12, 30] . The Fc region of NMO-IgG binds C1q, causing complement activation and cell lysis [10, 33] . Incubation of AQP4-transfected cells or rat astrocyte cultures with NMO-IgG and complement leads to cell death [10, 33] . Human NMO lesions show a perivascular pattern of activated complement [22] . Intracerebral injection of NMO-IgG and human complement in mice produces NMO-like lesions with perivascular deposition of activated complement, inflammatory cell accumulation, and loss of AQP4, GFAP and myelin [31] . Similar NMOlike pathology is produced by incubation of ex vivo spinal cord slice cultures with NMO-IgG and complement [48] . It is speculated that astrocyte damage triggers an inflammatory cascade with blood-brain barrier breakdown, recruitment of granulocytes and macrophages, and cytokine secretion, resulting in myelin loss and neurological deficit [11, 14, 41] .
Natural killer (NK) cells can produce ADCC (mechanism 4) [2] . Antibody-dependent cellular cytotoxicity is exploited in cancer therapy in which tumor cells are targeted by monoclonal antibodies [1] . The antibody Fc region binds CD16 receptors (FccRIII) on NK-cells, leading to their activation and degranulation [1] . Activated NK-cells release cytotoxic granules containing perforin and granzymes that promote apoptosis in target cells. NMO-IgG together with NK-cells can cause death of AQP4-transfected cells and human astrocyte cultures [3, 42] . However, the relevance of ADCC in NMO is not known. Though NKcells are not seen abundantly in human NMO lesions, their short lifetime following activation precludes any conclusion about their involvement in NMO pathogenesis. However, other immune cells that can also produce ADCC, including granulocytes, are found abundantly in human NMO lesions and in NMO mouse models [18, 22, 30, 31] .
Here, we investigated the potential involvement of ADCC in NMO disease pathogenesis using human recombinant NMO-IgG and human NK-cells in astrocyte cell cultures, mouse brain in vivo (intraparenchymal injection model) [31] and mouse spinal cord slice cultures ex vivo [48] . We show that NMO-IgG and NK-cells can produce astrocyte injury in CNS tissues in a complementindependent manner. NK-cells also exacerbated NMO lesions when complement was present. A competing mutated NMO-IgG that selectively lacks ADCC effector function greatly reduced lesions in mouse brain. These findings have implications for NMO disease pathogenesis.
Materials and methods

Mice
AQP4 null mice used in this study have been described and extensively characterized [19] . Experiments were done on weight-matched wild type and AQP4 null mice on a CD1 genetic background, generally of age 16-18 weeks. The mice were maintained in air-filtered cages and fed normal mouse chow in the UCSF Animal Care Facility. All procedures were approved by the UCSF Committee on Animal Research.
NMO antibodies, DNA constructs
Purified human monoclonal recombinant NMO-IgG rAb-53 was generated as described [3] , with a measles virusspecific rAb (2B4) used as an isotype-matched control (control IgG) [4] . Point mutations were introduced into the IgG1 Fc sequence of the rAb-53 heavy chain to produce antibodies selectively lacking ADCC (K326W/E333S, AQmab ADCC ) or CDC (K322A, AQmab CDC ) [37] . Plasmid pcDNA3.1 encoding the M23 isoform of human AQP4 was generated as described [7] .
Cell culture and transfections
Chinese Hamster Ovary (CHO-K1) cells (ATCC CCL-61) were cultured at 37°C in 5 % CO 2 /95 % air in F12 Ham's medium (Sigma-Aldrich, St. Louis, MO) containing 10 % fetal bovine serum (FBS) and 1 % penicillin/streptomycin. The cells were grown on glass coverslips and transfected with DNAs in antibiotic-free medium using Lipofectamine 2000 (Invitrogen, Carlsbad, CA). Stable AQP4-expressing clones were selected following enrichment in Geneticin (Invitrogen) and plating in 96-well plates at low density. Primary astrocyte cultures were generated from cortex of neonatal wild-type and AQP4-null mice, as described [17] . Immunocytochemistry showed that [95 % of cells were positive for the astrocyte marker, glial fibrillary acidic protein (GFAP). Human NK-cells were purchased from Fox Chase Cancer Center (Philadelphia, PA) in which parental NK-92 cells (ATCC CRL-2407) were retrovirally transduced to express the high-affinity 176V variant of the Fc receptor CD16 in pBMN-NoGFP [47] or in pBMN-IRES-EGFP (Invitrogen). NK-cells were cultured in suspension in a-MEM (Sigma-Aldrich) containing 0.1 mM 2-mercaptoethanol, 2 mM L-glutamine, 0.2 mM myoinositol, 10 % FBS, 10 % horse serum, 2.5 lM folic acid, 5 mL non-essential amino acids (Sigma-Aldrich), 1 mM Na pyruvate, 1 % penicillin/streptomycin, and 100 IU/mL of human recombinant interleukin-2 (Genscript, Piscataway, NJ). 
Intracerebral injection of NMO-IgG
The mice were anesthetized and mounted on a stereotactic frame. A midline scalp incision was made and a burr hole of diameter 1 mm was drilled in the skull 2 mm to the right of bregma. A 30-gauge needle attached to 50-lL gas-tight glass syringe (Hamilton) was inserted 3-mm deep to infuse 4 lg NMO-IgG (or control IgG) and 10 6 NK-cells in 8 lL PBS (*1 lL/min). After 4 days the mice were anesthetized and perfused through the left cardiac ventricle with 5 mL PBS and then 20 mL of PBS containing 4 % paraformaldehyde (PFA). Brains were post-fixed for 2 h in 4 % PFA and processed for paraffin embedding. 5 lm-thick sections were used for immunostaining. In some experiments, 1 lg NMO-IgG was injected with 10 6 NK-cells and 5 lg of AQmab ADCC in a volume of 8 lL. In CDC studies, 0.4 lg NMO-IgG was injected with 3 lL of human complement in a volume of 8 lL.
Immunofluorescence and immunohistochemistry 5 lm-thick paraffin sections were deparaffinized and rehydrated in serial ethanols. Antigen retrieval was performed by incubation of sections in 0.05 % trypsin for 30 min at 37°C. Tissue sections were immunostained with the following primary antibodies at room temperature for 1 h: rabbit anti-AQP4 (1:200, Santa Cruz Biotechnology, Santa Cruz, CA), mouse anti-GFAP (1:100, Millipore, Temecula, CA), goat anti-myelin basic protein (MBP) (1:200, Santa Cruz Biotechnology), rabbit anti-Iba1 (1:500, Wako, Richmond, VA), rat anti-CD45 (1:10, Pharmingen, BD Biosciences, Oxford, UK), rat anti-macrophage (F4/80 antigen) (1:10, eBioscience, Hatfield, UK), rat anti-neutrophil (GR-1 antibody) (1:10, eBioscience) or rabbit antiC5b-9 (1:50, Santa Cruz Biotechnology) followed by the appropriate species-specific biotinylated secondary antibody (1:500, Vector Laboratories) or Alexa Fluorconjugated secondary antibody (1:200, Invitrogen). When biotinylated secondary antibody was used, immunostaining was visualized as brown using the Vectastain horseradish peroxidase kit (Vector Laboratories) followed by diaminobenzidine/H 2 O 2 according to manufacturer's protocol. Nuclei were counterstained blue with hematoxylin. Tissue sections were examined with a Leica DM 4000 B microscope. Lesions were quantified by imaging at 2.59 magnification. AQP4, GFAP, and MBP immunonegative areas were defined by hand and quantified using ImageJ (version 1.43 m, National Institutes of Health, USA; http://rsbweb.nih.gov/ij). Data are presented as percentage of immunonegative area (normalized to total area of hemibrain slice).
Ex vivo NMO model
Organotypic spinal cord slice cultures were prepared using a modified interface-culture method as described [48] . In brief, postnatal day 7 mouse pups were decapitated and the spinal cord was rapidly removed and placed in ice-cold Hank's balanced salt solution (HBSS, pH 7.2, Invitrogen). Transverse slices of cervical spinal cord of thickness 300 lm were cut using a vibratome (VT-1000S; Leica, Wetzlar, Germany). Individual slices were placed on transparent, non-coated membrane inserts (Millipore, Millicell-CM 0.4 lm pores, 30 mm diameter) in six-well (35 mm diameter) plates containing 1 mL culture medium, with a thin film of culture medium (50 % MEM, 25 % HBSS, 25 % horse serum, 1 % penicillin-streptomycin, 0.65 % glucose, and 25 mM HEPES) covering slices. Slices were cultured in 5 % CO 2 at 37°C for 7 days. At day 7, NMO-IgG, NK-cells or human complement were added to both sides of the porous membrane, with 1 mL medium added above the porous filter to fully immerse the slice. After 24 h, slice cultures were fixed in 4 % PFA for 15 min and incubated in blocking solution (PBS containing 1 % BSA and 0.3 % Triton X-100) for 1 h. The slices were then incubated for 2 h with antibodies against mouse GFAP (1:1000, Millipore), AQP4 (1:200, Millipore), Iba1 (1:1000, Wako) or MBP (1:100, Santa Cruz Biotechnology), rinsed in PBS, and then incubated with secondary antibodies for 1 h at room temperature. Immunofluorescence was visualized on a Leica DM 4000 B microscope.
AQP4-and GFAP-stained spinal cord slices were scored for lesion severity using the following scale: 0, intact slice with intact GFAP and AQP4 staining; 1, intact slice with some astrocyte swelling (seen from GFAP stain) with weak AQP4 staining; 2, at least one lesion with complete loss of GFAP and AQP4 staining; 3, multiple lesions with loss of GFAP and AQP4 staining in [30 % of slice area; and 4, extensive loss of GFAP and AQP4 staining affecting [80 % of slice area. AQP4 null slices were scored only on the basis of GFAP staining.
Statistics
Data are presented as mean ± SEM. Statistical comparisons were made using the non-parametric Mann-Whitney test when comparing two groups.
Results
NMO-IgG and NK-cells produce ADCC in primary astrocyte cultures
We previously demonstrated that the recombinant monoclonal NMO-IgG rAb-53 binds rapidly and with high affinity to native AQP4 expressed on primary cultures of mouse astrocytes [28] . For studies of CDC and ADCC in mouse CNS tissues, we first verified that the recombinant NMO-IgG can produce cytotoxicity in mouse astrocyte cultures. As a positive control, we used CHO cells transfected with the M23 isoform of human AQP4 (CHO-M23). Incubation of CHO-M23 cultures with NMO-IgG (20 lg/ ml) and 10 % human complement for 30 min caused cytotoxicity as visualized by a live/dead cell assay in which live cells are stained green and dead cells red (48 ± 1 % dead cells, SE, n = 5) (Fig. 1a) . No cytotoxicity was seen with NMO-IgG alone or with control (non-NMO) IgG and complement, or in non-transfected CHO cells incubated with NMO-IgG and complement. A mutated NMO-IgG deficient in ADCC effector function, AQmab ADCC , also caused cytotoxicity (42 ± 4 % dead cells, n = 5) when added with complement, as CDC effector function is preserved in this antibody. Under the same conditions, NMOIgG and complement caused little cytotoxicity on mouse primary astrocytes after a 30 min incubation (not shown). Significant cytotoxicity was seen, however, after 3 h with NMO-IgG (68 ± 1 % dead cells, n = 5) or AQmab ADCC (54 ± 8 % dead cells, n = 5). 
Intracerebral injection of NMO-IgG and NK-cells causes astrocyte injury
Injection of NMO-IgG (purified IgG from NMO serum) and human complement in mouse brain produces inflammatory demyelinating lesions [31] . Here, ADCC was studied in vivo by a similar approach involving intracerebral injection of recombinant NMO-IgG and human NKcells. At 4 days after injection brain sections were stained for astrocyte and oligodendrocyte markers. Figure 2a shows marked loss of AQP4 and GFAP immunoreactivity in the region of the injection site. Reactive gliosis, with increased GFAP immunoreactivity (compared to contralateral hemisphere) was seen around the lesion (Fig. 2a, b) . Interestingly, staining for myelin basic protein (MBP) was not reduced, suggesting preservation of oligodendrocytes. In the non-injected hemisphere, AQP4 staining was seen mainly in a perivascular pattern in astrocyte end-feet, with weak GFAP immunofluorescence in astrocyte cell bodies. Minimal loss of AQP4 and GFAP was seen when NK-cells were injected with control IgG. Minimal loss of GFAP was seen when NMO-IgG and NK-cells were injected in AQP4-deficient mice. In these controls, upregulation of GFAP was generally seen around the needle tract, suggesting nonspecific reactive gliosis due to the needle insertion. Figure 2c summarizes areas of loss of AQP4, GFAP and myelin immunoreactivity. While NMO-IgG and NK-cells caused significant loss of AQP4 and GFAP, no significant loss of myelin was found. These results indicate that astrocyte injury in vivo can be produced by NK-cell action on NMO-IgG bound to AQP4.
Infiltrating CD45-positive cells were seen along the needle tract, both in test and control mice, suggesting non-specific inflammation related to the needle insertion (Fig. 3a) . These cells were identified as macrophages by staining with a specific antibody. Iba1 staining showed few microglia with small soma and fine cellular processes in the contralateral hemisphere, but many activated microglia with bigger cell bodies around the needle track (Fig. 3b) . However, microglial activation was comparable in test and control mice, suggesting that astrocyte damage by NK-cells in our model does not involve microglial activation.
We previously showed that NMO-IgG can diffuse over a relatively large area [28] , substantially greater than size of the ADCC lesion here. We postulated that the relatively small lesion size is related to restricted NK-cell diffusion. NK-cell localization was studied by intracerebral injection of GFP-labeled NK-cells. After 24 h, NK-cell density was *150 cells/mm 2 within 400 lm from the needle tract ( Fig. 3c) with cells seen up to 700 lm from the needle tract, which approximately corresponds to the extent of the lesion. After 4 days, few remaining GFP-positive cells were seen in the brain parenchyma away from the needle track, suggesting that these cells are short-lived and that NK-cell-dependent ADCC is an early process.
Astrocyte injury produced by NMO-IgG and NK-cells is mediated by ADCC in a complement-independent manner
To confirm that ADCC is responsible for astrocyte injury following injection of NMO-IgG and NK-cells, the ADCCdeficient mutant AQmab ADCC was coinjected at a five-fold excess over NMO-IgG. Figure 4a shows significantly reduced areas of AQP4 and GFAP loss with AQmab ADCC , as quantified in Fig. 4b . Lesion areas were smaller in this study compared to Fig. 2c (18 % vs. 43 % for AQP4 loss) because four-fold less NMO-IgG was injected (to allow injection of excess AQmab ADCC ). As AQmab ADCC is able to mediate CDC, as shown in Fig. 1a , we conclude that ADCC is responsible for the NMO-IgG/NK-cell dependent lesions in this model. Also, we verified that complement activation was not involved by absence of C5b-9 antibody staining (Fig. 4c) .
NMO-IgG-dependent lesions produced by ADCC versus CDC are different
We compared the lesions caused by ADCC and CDC in the intracerebral injection model. To produce CDC, the brains were injected with NMO-IgG and human complement (in place of NK-cells). The brain sections were examined at 4 days after injection. There was marked loss of AQP4 and GFAP, as found in the ADCC model (Fig. 5a, b) . However, in contrast to the ADCC model, the CDC model produced marked myelin loss, suggesting injury to both astrocytes and oligodendrocytes. Marked CD45-positive cell infiltration was observed in the lesion in the CDC model (Fig. 5c) . Most of the infiltrating cells were stained with a macrophage-specific antibody but were negative for a neutrophil marker. We also found perivascular deposition of activated complement in this model (Fig. 5d) .
NK-cells exacerbate lesions caused by NMO-IgG and complement
Studies were also done to determine whether NK-cells could exacerbate lesions produced by NMO-IgG and complement. These studies were done using ex vivo spinal cord slice cultures in order to control the exact amount of NMO-IgG, complement and NK-cells, and to obviate issues of differential antibody and cell diffusion in vivo. To test whether NK-cells could produce NMO pathology in spinal cord slices in the absence of complement, NK-cells (10 6 /well) were added to slice cultures for 24 h together with NMO-IgG (10 lg/mL). Figure 6a shows marked loss of GFAP and AQP4 staining in slices exposed to NK-cells and NMO-IgG, which was not seen with in their absence (control), with NK-cells alone, or in slices from AQP4 knockout mice. AQmab ADCC (10 lg/mL) did not cause NK-cell dependent pathology, whereas AQmab CDC (mutated NMO-IgG selectively lacking CDC) did.
Though NK-cells do not participate directly in CDC, we found that they can exacerbate complement-dependent NMO lesions. Figure 6b shows that addition of human complement (5 %) and submaximal NMO-IgG (3 lg/mL) produced very mild lesions, as did NK-cells (10 6 /well) with submaximal NMO-IgG (3 lg/mL). However, addition of NK-cells together with human complement and submaximal NMO-IgG consistently produced severe lesions (scores summarized in Fig. 6b right) with marked myelin loss.
Discussion
Complement-dependent pathogenicity of NMO-IgG has been described in astrocyte cultures, in mouse brain in vivo, and in ex vivo cultures of spinal cord and optic nerve. In human NMO lesions perivascular deposition of activated complement is prominent. Here, we investigated the potential involvement of ADCC in NMO pathogenesis. We found: (1) NMO-IgG together with NK-cells causes astrocyte cytotoxicity in cultures; (2) NMO-IgG and NKcells cause astrocyte injury in brain in vivo, characterized by loss of AQP4 and GFAP; (3) NMO-IgG mediated ADCC in the absence of complement causes minimal myelin loss and inflammation compared to lesions caused by NMO-IgG and complement; and (4) NK-cells greatly exacerbate NMO lesions caused by NMO-IgG and complement in ex vivo spinal cord slices. Efficient cytotoxicity was found in astrocyte cultures exposed to NMO-IgG and NK-cells. We found comparable susceptibility to ADCC in primary astrocyte cultures and AQP4-transfected cells. In contrast, astrocytes were much less sensitive to CDC than AQP4-transfected cells, which is likely the consequence of complement inhibitor proteins, including CD55 which accelerates decay of C3 convertases, and CD59 which inhibits the membrane attack complex on host cells [20] . These complement inhibitors are expressed in astrocytes in human brain and in rodent primary cultures [35, 46] . Importantly, these complement inhibitor proteins protect against CDC but not ADCC. Also, we recently showed that CDC, but not ADCC, requires AQP4 assembly in orthogonal arrays of particles [25] , providing a second mechanism of enhanced susceptibility to ADCC versus CDC in AQP4-expressing target cells.
Antibody-dependent cellular cytotoxicity was investigated in vivo by direct intraparenchymal injection of NMOIgG and NK-cells into mouse brain. There was marked loss of AQP4 and GFAP at 4 days, which are two characteristic features of human NMO lesions [22] and of lesions in mouse brain injected with NMO-IgG and complement [31] . The loss of GFAP and AQP4 is likely caused by astrocyte damage and death, as binding of NK-cells to the Fc portion of AQP4-bound NMO-IgG causes NK-cell degranulation and killing of target cells. Minimal or no loss of GFAP or AQP4 were found in key control experiments, including injection of control (non-NMO) antibody and NK-cells, and injection of NMOIgG and NK-cells in AQP4-deficient mice. Injection of NMO-IgG and NK-cells in wild-type mice together with an excess of a mutant NMO-IgG lacking ADCC effector function greatly reduced GFAP and AQP4 loss, indicating ADCC as the pathogenic mechanism in this model. These results thus describe the first complement-independent in vivo model of NMO. Our findings suggest the potential utility in NMO of mutant NMO-IgG lacking both CDC and ADCC effector functions (aquaporumab) [37] and small-molecule blockers of NMO-IgG binding to AQP4 [36] . The NK-92 cell line used in this study was transfected with the Fc receptor CD16 containing an allelic polymorphism at residue 176, with substitution of the phenylalanine (F) at this position for valine (V). NK-cells from individuals homozygous for the V substitution bind higher levels of IgG1 and IgG3 than those homozygous for F at this position [44] . The F variant, which represents 56 % of all alleles in the human population, is also able to produce ADCC but with lower efficiency than the V variant [40] . Therefore, polymorphisms in the CD16 gene may potentially influence NMO lesion severity due to their effects on ADCC. The frequency of CD16 176V substitution in the NMO patient population has not been evaluated.
A resident cell type in the human CNS expressing Fc receptors is microglia, which has been reported to mediate ADCC in vitro [38] . We found similar microglial cell activation and migration around the needle tract following injection of NK-cells and either NMO-IgG or control antibody, suggesting that microglia-induced ADCC does not occur in our model. Activation of microglia around a stab injury is well described [29] . The lack of involvement of microglia in our model is supported by the absence of lesions following injection of NMO-IgG alone [28, 31] .
A remarkable difference in lesions produced by injection of NMO-IgG and NK-cells (ADCC model) versus injection of NMO-IgG and complement (CDC model) is the relative preservation of myelin in the ADCC model. In contrast to multiple sclerosis, in NMO it is thought that primary astrocyte injury produced by NMO-IgG secondarily injures oligodendrocytes leading to demyelination [22] . NMO lesions have been reported with prominent loss of AQP4 and GFAP, but preservation of myelin [22] , suggesting that demyelination is a secondary process. It is not known whether oligodendrocyte injury in NMO is a bystander reaction of the inflammatory process, a consequence of the toxicity of activated complement components, or a specific disturbance of the homeostatic interaction between astrocytes and oligodendrocytes.
Another remarkable difference between the ADCC and CDC models is the massive infiltration of inflammatory cells in the CDC model. By immunostaining at 4 days after injection, we identified the inflammatory cells as mainly macrophages. At earlier time points there is evidence for marked accumulation of neutrophils as well in this model [32] . Activation of the complement cascade involves the release of soluble factors, including the anaphylatoxins C3a and C5a, which have proinflammatory and chemotactic actions [45] . The ability of complement to recruit cells of the immune system may explain the marked difference in inflammation found in the CDC versus ADCC models. Our findings also suggest that demyelination in NMO may be related to infiltration of inflammatory cells, as myelin loss was minimal in the ADCC model.
We also demonstrated that NMO-IgG and NK-cells cause astrocyte damage with little myelin loss in an ex vivo spinal cord slice model. As found in brain in vivo, the pathogenic mechanism involved is ADCC, as AQmab ADCC and NK-cells did not produce lesions. Interestingly, we found marked synergy between NK-cells, complement and NMO-IgG in producing astrocyte damage and myelin loss in spinal cord slices. This synergy is probably accounted for by ''complement-mediated cell cytotoxicity'' in which complement recruitment and activation at the surface of target cells facilitates binding of effector cells [26] .
NK-cells comprise 10-20 % of human peripheral blood lymphocytes and are believed to be the main effector cells in cancer therapy involving monoclonal antibodies targeting tumor cells [6] . Antibodies targeting CD20, Her2/neu, epidermal growth factor receptor and disaloganglioside are examples of clinically successful antibodies that exploit NK-cell-mediated ADCC to kill tumor cells. Although NKcells are not prominent in human NMO lesions, this might be related to their short lifetime after migration into the CNS, as they rapidly degranulate and die upon binding to the Fc portion of NMO-IgG [2] . Indeed, we found here that the vast majority of injected fluorescent NK-cells in mouse brain disappeared after 4 days.
Multiple leukocyte types besides NK-cells can participate in ADCC. NMO-IgG in NMO is predominantly of the IgG1 subtype, which is able to bind all classes of Fc receptors involved in ADCC [5] . Several leukocyte types express Fc receptors, including macrophages, which express the three classes of Fc receptors FccRI (CD64), FccRII (CD32) and FcRcIII (CD16), and neutrophils and eosinophils, which express FccRII and FccRIII [5] . It has been reported that these cell types can mediate ADCC in vivo [13, 34, 39] . Since granulocytes and macrophages are generally found in NMO lesions, they may also contribute to the pathogenesis of NMO lesions by an ADCC mechanism. We reported in spinal cord slice cultures that macrophages and neutrophils exacerbate NMO lesions caused by submaximal NMO-IgG and complement, which probably involves an ADCC mechanism [48] . It is likely that these immune cells mediate CNS injury through FcRmediated release of proteases, elastases, reactive oxygen species, and nitrous oxide. We reported recently that inhibition of neutrophil proteases with Sivelestat and cathepsin G inhibitor 1 reduced NMO lesions in the murine intracerebral injection model [32] . In the study here we used NKcells as proof of concept to demonstrate that NMO-IgGdriven ADCC in vivo can produce NMO-like lesions. Though our data suggest the involvement of ADCC in NMO, definitive quantification of ADCC in human NMO would require a clinical trial involving administration of an aquaporumab deficient for the ADCC function, or, if it can be developed, a selective inhibitor of ADCC.
In conclusion, our data suggest the potential involvement of ADCC in NMO disease pathogenesis, as a second disease mechanism in addition to the well-characterized role of CDC. Also, our mouse model of NMO-IgG and NK-cell exposure provides an interesting tool to study the biology of astrocyte damage and demyelination. EY13574, EB00415, DK35124, HL73856, DK86125 and DK72517 from the National Institutes of Health (ASV) and grant RG4320 from the National Multiple Sclerosis Society (JLB).
